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ABSTRACT

Mg-doped LaCr03 and La-doped SrTi03 are perovskite compounds that
display electrical conductivity which is a function of partial
pressure of oxygen (po2).

It has been proposed that acceptor-doped

LaCr03 becomes highly resistive at low po2's due to ionic compen
sation of the acceptor-dopant present by oxygen vacancies.

SrTi03

has been thought to absorb 03 into a crystallographic shear structure
and exsolve strontium vacancies which can then ionically compensate
the La present and give a high resistance at high po2's.
Given these models, relationships between weight loss and
conductivity vs. po^ are developed for both these materials and
compared to experiment.

Positive confirmation of the models was

found, however SrTi03 displayed a mobility that was a function of
temperature and strontium vacancy concentration.
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1

I.

INTRODUCTION

The perovskite and pseudo-perovskite classes of ternary oxides
have received considerable technical interest recently due to the wide
variety of such compounds and the remarkable range of properties which
they display.

This study focuses on two such compounds:

LaCrOg and La-doped SrTiO^.

Mg-doped

LaCrO^ is a possible high temperature

electrode for fuel cell interconnects and for MHD power generator
electrodes due to its refractoriness and its relatively high electrical
conductivity.

SrTiO^ is interesting from two points of view.

One

is that it holds considerable commercial promise as a dielectric and
the other is that it is theoretically interesting in itself due to
its superconductivity, unusual phase transitions, and true cubic
perovskite structure.

The latter property makes it an ideal candi

date for the study of perovskites in general.
The intent of this study is to further define the defect
chemistries of these two compounds in hopes of drawing conclusions
pertinent to all perovskite materials doped to enhance conductivity.

2

II.

A.

LITERATURE REVIEW AND MODEL DEVELOPMENT

LaCrO^
Previous studies on LaCr03 have shown it to be an orthorhombic

derivative of the perovskite structure ^ with intrinsic p-type con2
ductivity due to the formation of cation vacancies . Austin and
3
Mott
have proposed that holes in the 3-d band of the Cr ions will
be the charge carriers, in agreement with Faber, et al

4

, who

suggest that Sr-doped LaCrO^ is p-type due to the creation of Cr
ions from Cr

+3

ions.

The work of Anderson et al

by showing that isovalent Al

+3

5

+4

supports this

ions on the Cr sites decrease conduc

tivity while Mg doping increases it.

Magnesium has been found to

substitute for the Cr to contents as high as 15 at% and apparently
g
does not form any second phases under reduction in
• Karim and
Aldred ^ have performed extensive conductivity, Seebeck, and magnetic
susceptability measurements on pure and Sr-doped LaCrO^ and present
convincing evidence that a small polaron conduction mechanism applies
They also noted that while the concentration of carriers is directly
proportional to Sr content under oxidizing conditions, a sharp
decrease occurred at values of the partial pressure of oxygen (po2)
of less than approximately 10”^ Pa which is in agreement with
O
Meadowcroft
who observed a reversible decrease in conductivity of
three orders of magnitude between the oxidized and the reduced states
Therefore, under oxidation Mg-doped LaCrO^ has the high conduc
tivity expected of a p-type material acceptor doped to enhance the

3

concentration of holes but then displays an unexpected decrease in
this concentration under strong reduction.

Apparently a change from

electronic to ionic compensation of the acceptor is occurring at
los po2's.
In proposing a model, it seems reasonable to assume that the
formation of oxygen vacancies (Vq ) could become favorable at low
po2‘s and that these would then provide the ionic compensation for
the acceptor present.
g
Vink notation );

Such a reaction could be written (using Kroger-

red

LaCr

l-2y

Cr.< Mg;

0
-f>- LaCr 1-2y+2x Cry-2x V0NMgy °3 -x + -2 u2
oxd

(1)

or, more simply;
+ 2CrCr * 2CrCr + V0 + 2 °2

(2)

If the activities are assumed to be equal to the respective site
fractions where to the standard state for each ion is its stoichiog
metric value (see Kroger ) then;

1/2
K =

[crCr] Iv q ]PQ2

(3)

co0x c r dr:2
or

1/2
(1-2y+2x)2 x P02
(4)
(y - 2x)2
where y = site fraction of Mg present and x = site fraction of [Vq ] =
moles oxygen lost.

Equation (4) can be solved to obtain an expression

relating Vq to y and po2;

4

Po
2x = y - — Ik—

1/2

C(8yK Po21/2 + D

- 1]

(5)

It can be seen that as po2 approaches zero a maximum weight loss of
y/2 moles of oxygen is predicted by this model.

It is interesting to

note that this expression gives x = 0 at high po2's but at low po2's
yields a limiting expression of

y - 2x

y

p o 21/4

(6)

(2yK)1/2

Therefore a plot of the weight loss data as log[(y-2x)/y] versus
log po2 should yield a 1/4 slope at low po2‘s.
In extending this model to predict the behavior of the electrical
conductivity, it is necessary to consider what effect such a change
in defect structure will have on a small polaron (SP) conductor such
as LaCrOy
A polaron can be thought of as an electron and the lattice
deformation that is associated with it.

If the wave function of an

electron is confined to approximately one primitive unit cell of the
crystal to give a localized, stationary state, then it is termed a
small polaron.

Therefore a necessary condition for the formation of

SP1s is a strong lattice to carrier interaction.

An electron in a

SP state must surmount or be able to quantum mechanically tunnel
through the energy barrier imposed by this interaction to be able to
move and therefore displays a relatively low, temperature activated
]i
mobility. Goodenough
has shown that SP mobility can be expressed
as;

5

y = 0

- x)

exp[^p]

(7)

where x = fraction of occupied sites, A is a structural constant, and
E is a hopping energy.

Therefore a plot of In(aT) versus 1/T should

give a straight line whose slope is proportional to the activation
energy and be firm indication that a hopping model is present.
While for a true SP conductor the usual semiconductor scattering
or trapping mechanisms are inappropriate concepts since the carrier
is localized, it should be noted that pure SP behavior is an ideali
zation of solid state materials.

It is entirely possible for an

electron to have interactions into the next several unit cells in
which case it will then be called a large polaron and the behavior
would shade into band-type conductivity with a very large effective
carrier mass.

In general, all materials show some deviations from

either true SP or true band conductivity, and it would not be unreason
able to see some scattering or trapping effects in a nominally SP
conductor.

It would also be possible for the concentration of

carriers to become high enough to allow a high mobility tunnelling
path to predominate, giving an increase in conductivity

12

It seems reasonable to assume then that the V" could directly
compensate the acceptor present, with no significant change in carrier
mobility due to their localized nature in a SP material.

If mobility

is a constant then conductivity will be a linear function of carrier
concentration as represented by;

a =

eyp

(8)

6

where a = conductivity, e = charge of an electron, and p = concentra
tion of holes.

Since there must be carrier to fixed charge interac

tions as the impurity defect concentration increases, a plot of a
versus y - 2x would be expected to be initially linear and then
decrease in slope with increasing carrier concentration.
If this is true then it should be possible to use the previously
developed relation between Vq and po2 to calculate an expected
relation between conductivity and po2.

Combining Equations (5) and

(8) yields;
eyP02

a

4K

1/2

1/ 2
(8yK P02"1/2 + 1)

(9)

If Equation (7), which is the limiting expression for Vq at low
po2's is used, then;

(10)

which implies that a plot of log a versus log po2 should go from a
constant high po2 value = log(eyy) to a slope of 1/4 at low po2's.

B.

SrTi02
Studies by Walters and Grace

Blazey et al.

15*

13

, Yamada and Hiller

14

, and

on single crystal SrTi03 show that it is an n-type

material with oxygen vacancies as the predominent defect.

Gandy

16

has determined a band gap of 3.15 eV at 0°K by optical methods, and

7

Frederikse et al ^

have concluded that a band type conduction

process exists with a very high effective mass. Kahn and
Ig
Layendecker
have calculated that the conduction band would be
composed of the 3-d orbitals of the Ti ions.
Balachandron and Eror

20

Chan et al

19

, and

have performed conductivity versus po2

experiments on high purity polycrystalline samples and demonstrated
that the observed p-n transition was due to the presence of acceptor
impurities.
X-ray diffraction studies

21

have shown that La substitutes for

Sr in both reduced and oxidized SrTiO^ to levels as high as 40%.
Thus La would be expected to act as a donor in SrTiO^, thereby fixing
a high concentration of electrons while depressing Vq to give a
highly conductive material, nearly free of ionic defects.

Instead,

such compounds are found to have very low conductivities under oxidiz
ing conditions, implying that some form of ionic compensation is
occurring at high po2's.

Conductivity measurements on La-doped

SrTiO^ performed at low temperatures by Odekirk et al,
high temperatures by Balachandron and Eror

23

22

and at

are consistant with a '

model of strontium vacancies (V" ) acting as compensation for the La
at high po2‘s.

Thermogravimetric studies on this same system

24

have

shown that when donor-doped SrTiO^ is reduced it displays a reversible
weight loss of oxygen sufficient to compensate La contents as high
as 20%.

These results are seemingly in contradiction since the low

conductivities and the large weight changes imply ionic compensation
by either V^r associated with a Sr-rich second phase or oxygen inter
stitials, yet there is no direct evidence of either in the reduced

8

or in the oxidized state.

An explanation based on a grain boundary

mechanism is unreasonable as the magnitudes of the weight losses
seen are too high, and while it is possible that site switching or
titanium vacancies, V^', (see Jonker and Havinga ^5) COuld occur, they
seem energetically unlikely in a perovskite lattice.
Eror and Smyth

concluded that the best way to reconcile

similar results in BaTiO^ was to postulate an as yet undetected
crystallographic accomodation of the absorbed oxygen.

Such an

accomodation in this case could be similar in structure to the unusual
manner in which the Sr-Ti-0 system incorporates excess SrO.
Ruddlesdon and Popper

27

first noted that this system forms a series

of xSrOvyTiC^ compounds which appear as a layer of SrO interleaved
between varying numbers of perovskite unit cells that have been
translated along a body diagonal in such a way as to leave the oxygen
sublattice intact.

Balachandron and Eror have used this idea to

justify their conductivity results on SrTiO^ with excess SrO
claim to have fabricated the first six of these compounds
Further justification is given by Tilley

30

28

, and

29

who observed by trans

mission electron microscopy that excess SrO was accomodated in
SrTi03 by the formation of lamellar type structures within the
grains.
A model similar to that of Balachandron and Eror

23

can there

fore be proposed in which the La donor is compensated by an equal
number of Ti

ions at low po2 to give a good electronic conductor

that is virtually free of ionic defects.

With increasing po2, oxygen

is absorbed and reacts to form the SrO layers characteristic of a

9

Ruddlesdon-Popper type phase.
ionically compensate the La
tivity.

+3

This leaves Vgr in the host lattice to
, thereby sharply decreasing conduc

Such a reaction could be written as;

.

„

.

red

xSrO + Srl-y-x Lay VSry Tiy-2x Til-y+2x ° 3 ^

(ID
Sri-y Lay Tly Tli-y °3 + 2 °2

where y = the site fraction of La present and
absorbed.

= moles of oxygen

This can be simplified to;

SrO + 2Ti + V ^ a ^ S r + 2Ti1 + \ 02(g)

which predicts in agreement with previous experiment

(12)

24

that a

maximum of y/2 moles of oxygen will be absorbed from the reduced state
for SrTiOg donor-doped with y moles of La.

It should be noted that

VjV could equally well have been proposed here, to give the reaction;

°o + \ VyJ + 2Ti

X 2Ti-|-i + \ 02 (g)'

Therefore the reaction involving a

(13)

defect pair yields the

same oxygen pressure dependence as the model assumed above, but will
not be considered further here, since it again gives similar behavior
which cannot be experimentally distinguished.
If the assumption is made as for LaCrO^ that the activities of
the various species involved can be approximated by their site

10

fractions and also that the activity of SrO is not unity but also
equal to its site fraction since a true second phase has not been
exsolved, then the equilibrium constant for Equation (12) can be
written in terms of y, the moles La present, and x, the moles excess
oxygen (also equal to the moles SrO present).

o

1/2

(i-y-x)(y-2xrPo2
K = --- 5-------- o--- ----x u-y+2x;

04 )

This can be reduced to;

k 1/2

. i t Z x l p021/4

(15)

with little loss in accuracy since x and y are small compared to 1.
Rearranging this equation yields;

x __________ 1________
y

06)

[K1/2 Po21/4 + 2]

It can be seen that at high po2's x/y approaches 1/2, but at
low po21s is closely approximated by;

x

y

Po

1/4

7T7T

07)

Therefore a plot of log(x/y) versus log po2 would be predicted to be
constant at high po2‘s, and then change to a 1/4 slope at low po2's.
In extending this model to predict the behavior of the electrical
conductivity it is necessary to consider the properties of a band
type conductor.

Band conductivity is where the carriers are delocalized and
their wavefunctions theoretically extend throughout the entire
crystal provided the lattice is perfectly periodic.

As no lattice

is perfect, the electron sees various types of flaws which limit the
carrier wavefunction to a distance called the coherence length which
in materials such as these is perhaps 20 to 30 unit cell parameters.
In contrast to SP conductors whose temperature dependence is essen
tially due to the energy barrier seen by the carriers, the temperature
dependence of a band conductor is either associated with the scattering
and trapping phenomena present or with a carrier excitation mechanism.
In developing a general expression for conductivity in terms of
these various mechanisms, it is convenient to write the carrier
mobility in this form;

where L = the carrier mean free path, e = the charge on an electron,
m* = carrier effective mass, and V = the appropriate average carrier
velocity.

It can then be said that any scattering or trapping

process can be related to L by a reciprocal function of a crosssection times the concentration of the species causing the event.

If

several mechanisms are operative, then the appropriate way to express
their composite behavior would be to write L as the reciprocal of a
sum of such term.
A scattering mechanism of considerable importance for the high
temperatures at which these compounds are used is phonon scattering.
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Here, thermal vibrations of the lattice vary the bond lengths of the
crystal to cause local flucations in the potential seen by an elec
tron.

Such fluctuations or phonons will interact with an electron

to scatter it and decrease its coherence length.

At low temperatures

only low energy acoustical phonons are significant, but since SrTiOg
is an ionic compound with several atoms per primitive unit cell,
optical phonon bands are available and at sufficiently high tempera
tures such phonons can become appreciable.

These high temperature

optical phonons will also be far more effective scatterers due to the
much higher energy that they will bring to a collision.

The L

associated with an electron being scattered by a phonon is then going
to be some cross-section, a , times the "concentration" of phonons.
r
From the Debye theory for the thermal properties of crystalline
solids

31

it is known that at temperatures well below the Debye
3
Temperature this occupancy is proportional to T , but at higher
temperatures it becomes proportional to T.

As the Debye Temperatures

even for such hard materials as alumina are still only several
hundred degrees C then, for the temperatures under consideration,
the Debye Temperature is clearly exceeded and it can be safely approxi
mated that the L associated with phonon scattering is;
L -

(19)

Coulomb or impurity scattering is the interaction of an electron
with a charged foreign ion or flaw.
postulate that;

Conwell and Weisskopf
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where C and D are constants, N. is the concentration of impurity
scatters and z is their charge.
approximately 1.

They then argue that the In term is

Impurity scattering is therefore proportional to

3/2
T ' power if the material is a non-degenerate semiconductor and
inversely proportional to the square of the charge.

If a donor is

being added to a material, as they ionize in increasing concentra
tions two competing effects will be seen.

One is that conductivity

will increase due to an enhancement of the number of carriers but
these carriers will then see the positively charged ions acting as
scatterers as described above.

Therefore the decrease in L will

eventually compensate the increase in carrier concentration, and no
increase in conductivity will be seen with an increase in donor.
In terms of L these scattering mechanisms would then be;

L =
aiNi

+ a,
'Sr

(21)

where a. and ay
are the respective cross-sections of the La and the
1
vSr
V£r and N.j and Ny
their respective concentration.
The other major phenomenon associated with band conduction is
trapping.

If there are energy states into which a band electron

can fall and re-emerge within a reasonable period of time, then
trapping is occurring.

The effect of trapping is such that even if

the carrier concentration remains the same, the free carrier lifetimes

14

and therefore their mobilities are reduced.
move in a "percolation" process
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The carriers will then

where an electron is excited into

the conduction band, travels a distance L, falls into a trap, reemerges, etc.
The effect of these mechanisms on L can again be expressed as;

L = °ik

(22)

Finally it should be mentioned that there are considerable con
centrations of impurities and neutral flaws that will scatter to some
extent and that crystal defects and grain boundaries will also act as
carrier traps.

Therefore a limit on L from these inherent defects

would be expected which would look like a constant expressed as;

The composite L for these mechanisms is then;

L =

1

(a T + c.N. + a
1 l

(24)

Ny
+ a.N, + D)
'Sr vSr
z z

It would be reasonable to expect that for a given set of conditions,
L will be dominated by one of these mechanisms.
In applying these ideas to SrTiO^ one would expect that the
grain boundary and phonon scattering would impose a limit on carrier
mobility on such a material under high temperatures.

In addition,

the high carrier effective mass seen in undoped SrTiO^ ^

implies

15

that this is not a nearly free electron band conductor, but a tight
binding or linear combination of atomic orbitals material.

It might

be expected that the conductivity results will probably show some type
of strong trapping or scattering behavior reflected in a temperature
or compositional dependence of the mobility.
As SrTiOg quenched from the reduced state has a relatively high
conductivity, it seems reasonable to assume that the ionization energy
of the La ions is very small and that they are essentially all ionized
donating their electrons to the conduction band.

If the V£r per

manently capture two electrons each as they are introduced into the
material then conductivity would be equal to;
a = ney = (y - 2x)ey
provided the mobility is constant under these conditions.

(25)
Given this

somewhat questionable assumption it should therefore be possible to
predict conductivity from the TGA experiments by combining Equations
(26) and (13) to obtain;

a

eyy K1^2

K1'2 + ZPo^

(26)
4

Again we can consider the limiting cases of po2 and note that
at low po2's o = eyy, but that at high po2's;

0 = eyy k 1/2 Po2"1/4

which implies that a minus 1/4 slope will be seen on a log
log po2 plot.

(27)

versus
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C.

SUMMARY
Models have been proposed which fit the known behavior

of LaCrO^ and SrTiOg.

Expressions relating Vq for LaCrO^ and V£r

for SrTiOg to po2 have been developed and predict a weight loss for
a given po2.

Furthermore, under reasonable assumptions, these models

can be extended to predict the behavior of the electrical conductivity
with respect to po2.

The purpose of this experiment then is to

confirm these models by performing complimentary TGA and conductivity
measurements versus po2 at sufficiently high temperatures for the
reaction kinetics to be acceptable.

If the TGA results which reflect

the concentrations of defects can be used to predict the electrical
conductivity, then positive confirmation of these models can be
claimed.
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III.

EXPERIMENTAL PROCEDURE

The liquid mix technique first proposed by Pechini
to prepare the powders for this experiment.

34

was used

The compositions used

were 2, 4, 8, 12 and 20% La in SrTiO^, and 2, 5, 10, and 20% Mg in
LaCrO^, with the A/B ratio maintained equal to one within experimental
error.

The La-doped SrTiO^ powders were prepared by dissolving

quantitative amounts of La and Sr carbonate (Apache Chemical Co.,
reagent grade) into an organic titanate (Dupont, Tyzor), ethylene
glycol, water solution which had been standardized for Ti

+4

content.

The Mg-doped LaCrO^ was prepared by dissolving La and Mg carbonate
and chrome nitrate (Apache Chemical Co. reagent grade) into
ethylene glycol, citric acid and water.

These solutions were then

slowly evaporated to an amorphous solid, without the formation of any
precipitates, and calcined at 800°C to remove the organics and form
the oxide.

X-ray diffraction analysis showed no second phases formed

except for the 20% Mg LaCrO^ sample, implying complete solution of
the dopants into these compounds.

Some typical chemical analyses are

presented in Table I.
The thermogravimetric apparatus consisted of a balance from
which a relatively large sample (60-80 gms. or about 0.3 moles) of
powder could be suspended in a vertical tube furnace that was sealed
from the atmosphere.

The composition of the furnace atmosphere could

be controlled by flowing gas mixtures composed of either (^-forming
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TABLE I
TYPICAL CHEMICAL ANALYSES

Trace Elements Given as Mole Fraction
Element

Undoped SrTiO^

Undoped LaCrO.

Mg

.00173

Trace

Ca

.00114

II

Cl

.00086

II

Na

.00026

II

A1

.00008

.00044

Ce

Trace

.00027

Fe

.00010

.00016

Ni

.00010

Trace

Ba

.00007

II

Cu

.00006

II

Zn

Trace

.00006

K

.00005

Trace

Cr

.00002

—

Trace element analysis performed by neutron activation techniques
at Oak Ridge National Labs.
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gas (90%N2 - 10%H2 ) or N2-02 through the furnace tube.

The deter

mination of the furnace po2 presented considerable difficulty and is
discussed in detail in Appendix A.
It was found necessary to preheat the samples to 1400° for one
hour to remove the final volatile components, after which a sample
was weighed to 0.1 mg and placed in the furnace.

When one of the

desired temperatures (1000, 1200, 1250, 1300, 1350, 1400°C) was
achieved, the experiment was begun by either fully reducing or oxidiz
ing the sample, taring the balance, and then measuring the relative
weight changes as po2 was varied in a stepwise fashion.

The weight

was monitored with a recorder and when no further response was seen
the system was taken to be at equilibrium and the value recorded.
When the range of achievable po2's had been covered, the sample was
returned to its original oxidation state to determine if any irre
versible weight losses had occurred.

The furnace was then raised

to a new temperature and the procedure repeated.

With a gas flow
_5
rate of 0.5 linear cm/sec, weight changes of one mg or 6 x 10
moles

02 were detectable with this system.

The temperature was controlled

to within 2°C.
Specimens for the conductivity measurements were prepared from
the same powders as the TGA samples by uniaxially hot pressing solid
cylinders in a graphite die.

Densities of greater than 95% of

theoretical were obtainable for SrTiO^ when pressed at approximately
1250°C and for LaCrO^ pressed at approximately 1400°C.

Sample bars,

approximately 30 x 6 x 2mm were then cut from an interior section of

20

these cylinders with a diamond watering saw and notched so that Pt
wire leads could be attached.

The contacts to the sample were further

enhanced by the application of Pt paste between the wires and sample.
These samples were then suspended from alumina insulators in a
tube furnace so that a conventional four probe resistance measurement
could be made at the desired temperature.
measured as described in Appendix A.

The po2 was controlled and

As the measured resistances

ranged from at most 2 kohms down to fractions of an ohm, a constant
voltage and frequency source with a lock-in amplifier was used to
enhance the accuracy of the low resistance measurements.

The

amplifier was monitored with a strip-chart recorder and a reading was
taken when stability was reached after a change in po2.
control was to within ±2°C.
±0.01 ohm-cm.

Temperature

Accuracy was considered good to within
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IV.

A.

RESULTS AND DISCUSSION

LaCrOg
Typical results of the TGA experiments are displayed in Figures

1 and 2.

Figure 1 shows the data points plotted as moles oxygen lost

(equal to Vg according to the model) for a constant dopant level at
the various temperatures, while Figure 2 shows the same data plotted
for a constant temperature at the various dopant levels.

The solid

lines are the predictions from the model and represent the best fit
solution of each set of data to the equilibrium expression, Equation
(6).

Table II lists the equilibrium constants found and the associated

thermodynamic parameters.

Figure 3, which is an Arrhenius plot of

this data, implies that the free energies of formation are essentially
constant for the 2, 5, and 10% Mg-doped samples but that the 20%
values dropped significantly lower, which perhaps is not surprising
given that this is apparently in a two phase region.

A composite

expression for the equilibrium constant given by Equation (4) for
LaCrOg doped with less than 10% Mg was therefore calculated to
obtain;
K = (2.1 x 104 ) e x p [ ^ ]

where AH = 272 ±16 Kj/mole which, if the model is correct, must
be the enthalpy of formation of Vg.

(28)

MOLES OXYGEN DEFICIT
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Figure 1.

Moles oxygen weight loss per mole sample vs. log po2 at various
temperatures for 5 at% Mg-doped LaCrCh. The curves displayed
are best fit solutions to Equation (5j.

MOLES OXYGEN DEFICIT
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Figure 2.

Moles oxygen weight loss per mole sample vs. log po2 at various
dopant levels for 1250°C. The curves displayed are best fit
solutions to Equation (5).
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TABLE II
TABLE OF THERMODYNAMIC VALUES FOR LaCr03

at % Mg

2%

5%

10%

20%

Temperature (°C)

log K

1000
1200
1250
1300
1350

-6.9
-5.1
-4.8
-4.7
-4.5

1000
1200
1250
1300
1350

-6.8
-5.4
-5.0
-4.9
-4.8

1000
1200
1250
1300
1350

-7.0
-5.3
-4.9
-4.6
-4.4

1000
1200
1250
1300
1350

-6.7
-b.O
-4.6
-4.0
-3.8

AH - 278 ± 13 kj/mole
AS = 21.1 e.u.

AH = 236 ± 18 kj/mole
AS = 13.5 e.u.

AH = 299 ± 22 kj/mole
AS = 24.4 e.u.

AH = 331 ± 12.5
AS = 31.4 e.u.
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Figure 3.

Plot of log (equilibrium constant) vs. reciprocal temperature
for the various Mg dopant levels.
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Agreement between the model and the data is good with all the
results falling within 10% of the predicted value, except for the
high po2 values where impurities give the dominent weight loss.
Apparently the full expected weight loss is not achievable under the
most reducing atmospheres used and therefore the curves are partially
truncated.

It can in general be noted that as temperature decreases

the po2 at which a given amount of nonstoichiometry occurs decreases
and as dopant increases the nonstoichiometry proportionately increases.
No irreversible weight losses were detected within the sensitivity of
the system.
Figures 4 and 5 are typical plots of the data expressed as log
[(y - 2x)/y] versus log po2 and compared to the curves predicted by
Equation (6) with the K values determined above.

While some of the

data points seem to be shifted to higher po2's, the slopes of these
plots correlate well to the predicted 1/4 slope implying that the
assumed po2 dependence is essentially correct.
These results are considered to be justification of the model.
Only the truncation of the reaction and the fact that the most
significant data is associated with more uncertain po2 measurements
(see Appendix A) makes the calculations difficult.
Figures 6 and 7 display typical conductivity results plotted as
log conductivity versus log po2 and compared to a plot of Equation

( 1 0 ) , which is the relationship implied by the model if the Vq
directly compensate the Mg ions present, and uses the equilibrium
constants determined by the TGA experiments.

While there is consi

derable scatter present and the truncation of the reaction restricts
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Figure 4.

Plots of the T6A data as log (y-2x/y) vs. log po2 for
5 at% Mg-doped LaCrOg at 1000°, 1200°, and 1250°C. The
curves displayed are plots of Equation (6) using the K
values given in Table II.

LOG (Y-2X/Y)
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LOG P02 (PASCALS)
Figure 5.

Plots of the TGA data as log (y-2x/y) vs. log po2 for
10 at% Mg-doped LaCr03 at 1000°, 1200° and 1250°C. The
curves displayed are plots of Equation (6) using the K
values given in Table II.

LOG (CONDUCTIVITY 5/CM1

-11

-9

-7

-5

-

3

-

1

1

3

LOG P02 (PRSCRLS)

Figure 6.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 2 at% Mg-doped LaCr0 3 - The curves displayed are plots of
Equation (9) using the K values given in Table II.

LOG (CONDUCTIVITY S/CM)
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LOG P02 (PASCALS)
Figure 7.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
fot 10 at% Mg-doped LaCrOg. The curves displayed are plots of
Equation (9) using the K values given in Table II.
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the ionically compensated region, there still is good correlation to
the model in that log a is always within 10% of the predicted values
except for the 20% Mg sample.

As this level of Mg doping exceeds the

solubility limit deviation from the model might be expected.

Figure

8 is a typical Arrhenius plot of In(oT) vs 1/T which shows a straight
line corresponding to an activation energy of 22.3 kjoule/mole in
agreement with Karim and Aldred though this data has considerable
scatter and shows a standard deviation of ±7.8 kjoule/mole.

It is

interesting to note that the conductivities of these Mg-doped samples
are about an order of magnitude lower than for their Sr-doped samples.
As a verification of the experimental procedure a sample of undoped
LaCrOg was run and found to give results within ±5% of Karim and
Aldred1s.

Also, as this data is well behaved and consistant with the

model, experimental error doesn't seem to be the explanation, and
implies that Mg which substitutes for the Cr on the "B" site is
significantly different than Sr substituting for the La on the "A"
site.
Figures 9 and 10 show typical plots of y-2x (or carrier concen
tration) versus conductivity, which were made to confirm the assump
tions that the Vq does directly compensate the Mg ions and that the
mobility does not change under the experimental conditions and as can
be seen the expected slightly curved line as discussed in Section 11-A
is observed.

It is interesting to note however, that all of these

curves appear to be slightly depressed at about 80 to 90% of the
maximum expected carrier concentration.

This seems to be consistant

for the different dopant levels and is possibly temperature dependent.

In(crT)
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Figure 8.

Typical plots of In(o'T) vs. reciprocal temperature
for 10 and 20 at% Mg-doped LaCrO^.
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Figure 9.

Plots of (y-2x) vs. conductivity at various
temperatures for 5 at% Mg-doped LaCrO^.
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.09

Y - 2X
Figure 10.

Plots of (y-2x) vs. conductivity for various levels of Mg-doped
LaCr03 at 1300°C.
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It might be speculated that a band component of the conductivity
which exists in doped but uncompensated LaCrO^ is being scattered
or trapped by the Vq .

Unfortunately, these features are associated

with po2 measurements that are more uncertain, (see Appendix A)
making it difficult to draw any firm conclusions.
If this effect is removed from the data then an essentially
linear dependence between y-2x and conductivity is seen for y-2x
values less than 0.05 regardless of dopant level, implying that
mobility is a constant approximately equal to 5 x 10
this range.

-6

2
m /V-sec in

A steady decrease in the slope is seen beyond this region

and mobility eventually declines to a value of about 2.5 x 10

2
m /V-sec for y-2x equal to 0.2.

“6

Again comparing to Karim and Aldred,

it's found that the mobility of their 2l Sr doped sample is about
2.5 x 10

-5

2
m /V-sec which agrees with the higher conductivities they

found.
As predicted by Equation (9) conductivities are in general
proportional to the dopant at high po2‘s and decrease with increasing
dopant at low po2's.
Finally as grain boundaries, second phases and micro-flaws can
have disproportionate effects on conductivity, a sample of each dopant
level used was examined under a scanning electron microscope before
and after testing.

The grain size was found to be about 1-2 microns

with no obvious flaws or undetected second phases seen and therefore
the microstructure was held to be of no effect in these results.
It was noted that the samples became more fragile as the number of
oxidation - reduction cycles increased, which is probably not
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surprising as the relatively large concentrations of Vq being cycled
through this material will probably cause a volume change and highly
stress the sample.
A complete set of all TGA and conductivity figures for LaCrO^
has been collected for reference in Appendix B.
B.

SrTi03
Some typical results of the TGA experiments on SrTiO^ are plotted

in Figures 11 and 12 as moles oxygen absorbed versus log po2 at the
various temperatures for a constant dopant, while Figures 13 and 14
display the same results plotted for the various dopants at a
constant temperature.

To compare this data to the model an equilibrium

constant was first determined for each temperature - dopant run by
using a differential technique developed from Equation (15).

This

expression was differentiated with respect to x and log po2 to obtain;
dx
d(log P02 ) =

K1/2 P02 x2
(0.58)y

(29)

If dx/d(log po2) can be approximated by Ax/Alog po2, then a K value
can be calculated from any pair of data points.

It was found that

near the inflection point these K values were quite constant, and so
the best K was determined by averaging sets of six consecutive data
points and selecting the set with the lowest variance.

This best K

was then used in the original equilibrium expression to generate the
curves displayed.

In examining the fit of the predicted curves to

the data it is found that the full expected weight loss is seen, but
that the data consistantly displays a steeper slope than predicted.

MOL ES

EXCESS

OXYGEN
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Figure 11.

Plots of moles oxygen absorbed per mole sample vs. log po2 at various
temperatures for 8 at% La-doped SrTiOg. The curves displayed are plots
of Equation (14) using the equilibrium constants determined by
Equation (29).

MOLES EXCESS OXYGEN
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Figure 12.

Plots of moles oxygen absorbed per mole sample vs. log po2 at
various temperatures for 12 at% La-doped SrTiOg. The solid
curves are plots of Equation (14) using equilibrium constants
determined by Equation (29).

MOL E S
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Figure 13.

Plots of moles oxygen absorbed per mole sample vs. log po2 for various
La-dopant levels at 1250°C. The curves displayed are plots of
Equation (14) using the equilibrium constants determined by
Equation (29).

MOL E S

EXCESS

OXYGEN
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Figure 14.

Plots of moles oxygen absorbed per mole sample vs. log po2 for various
La-dopant levels at 1350°C. The curves displayed are plots of Equation
(14) using the equilibrium constants determined by Equation (29).
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As the data is very regular and can be fitted to a general sigmoidal
curve with deviations of less than ^5%, it appears as if there is
some consistant effect not being accounted for as versus experimental
scatter.

Attempts were made to refine this fit by proposing reactions

involving defect complexes such as these;

SrO + (V£r LaSr) + 2Ti S LaSr + \ 02(g) + 2TiT1 + SrSr

SrO + (LaSr Vjr LaSr) + 2Ti S

2LaSr +

0£(g) + 2TiT1 + SrSr

(30)

(31)

and
(32)

SrO + V£r + 2TiTi + 2 L a 5 2(Ti'La) + \ 02(g) + SrSf

but unfortunately calculations based on these reactions either made
no difference or degraded the fit.

Therefore no evidence has yet

been found that such complexes are significant in La-doped SrTiO^,
and it can only be inferred that some secondary mechanism is slightly
altering the po2 dependence.

Table III lists the equilibrium con

stants determined and the associated thermodynamic parameters.

As

the free energy of formation and the enthalpy varied little over the
range of dopant used a composite expression for the equilibrium
constant could be determined to be;

K = (1.8 x 106 ) e x p ( ^ )

(33)
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TABLE III
TABLE OF THERMODYNAMIC VALUES FOR SrTi03

Mole % La
2%

4%

8%

12%

20%

Temperature (°C)

log K

1200
1250
1300
1350
1400

-3.60
-4.2
-3.9
-3.7
-3.3

1200
1250
1300
1350
1400

-4.6
-3.8
-3.5
-3.3
-3.0

1200
1250
1300
1350
1400

-4.4
-4.0
-3.6
-3.2
-3.1

1200
1250
1300
1350
1400

-4.7
-4.4
-4.1
-3.8
-3.6

1200
1250
1300
1350
1400

-5.1
-5.0
-4.6
-4.1
-3.6

&H = 280 ± 19
kj/mole
AS = 24.92 e.u.

ah

- 347 ± 18
kj/mole

AS = 36.9 e.u.

AH = 350 ± 21
kj/mol e
AS = 32.2 e.u.

AH = 264 ± 15
kj/mole
AS = 21.4 e.u.

AH = 364 ± 30
kj/mol e
AS = 35.0 e.u.

43

where AH = enthalpy of formation = 302 ± 9 kJ/mole.

As this activation

energy represents several processes it is not possible to assign a
value to any particular mechanism at this time.

In general as dopant

concentration increased the nonstoichiometry increased and the po2 for
a given amount of nonstoichiometry slightly decreased.

No irrever

sible weight losses were detected within the sensitivity of the system,
and therefore are less than 15 mg/mole sample.
The data expressed as log(x/y) versus log po2 are plotted in
Figures 15 and 16.

The plot as predicted by Equation (16) goes from

a constant equal to log (0.5) to a 1/4 slope as po2 decreases implying
as for LaCr03 that the assumed po2 dependence is correct.
The TGA experiments are therefore in agreement with a model
which proposes the existence of V£r acting as compensation for the
donor present.

It is particularly interesting to note that a formula

derived from the proposed equilibrium expression was able to accurately
calculate the equilibrium constants from the data, with no arbitrary
curve fitting necessary.
Some typical conductivity results are plotted as log conductivity
versus log po2 in Figure 17 and 18.

The curves displayed are plots

of Equation (26) which is the conductivity predicted by the model
using the K values determined from the TGA experiments and assuming
exact compensation of the donor with no change in carrier mobility
seen.

While these results agree well with Balachandron and Eror

23

both in the magnitude and in the -1/4 dependence on log po2 seen,
still the fit of the model using the TGA results compared to the
conductivity data is poor with a major offset occurring.

This dis

crepancy is further confirmed by the conductivity versus y-2x plots

LOG (X/Y)
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LOG P02 (PASCALS)
Figure 15.

Plots of the TGA results for 2 at% La-doped SrTi03 as log (x/y)
vs. log po2 at 1200°, 1250°, and 1300°C. The curves displayed
are plots of Equation (16) using the K values given in Table III.

LOG (X/Y)

45

LOG P02 (PASCALS)
Figure 16.

Plots of the TGA results for 8 at% La-doped SrTi03 as log (x/y)
vs. log po2 at 1200°, 1250°, and 1300°C. The curves displayed
are plots of Equation (16) using the K values given in Table III.

LOG (CONDUCTIVITY S/CM)
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LOG P02 (PASCALS)
Figure 17.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 8 at% La-doped SrTi0 3 - Data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26) using
the K values given in Table III.

LOG (CONDUCTIVITY S/CM)
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LOG P02 (PflSCRLS)
Figure 18.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 12 at% La-doped SrTi03 . Data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26) using
the K values given in Table III.
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such as Figures 19 and 20, where it becomes apparent that either the
carrier concentration or mobility is thermally activated and reci
procally related to the concentration of V ^ .

Unfortunately, it

was found that under extended periods at high temperatures and
reducing conditions it was difficult to maintain proper electrical
contacts as the platinum tends to sublime.

It was often necessary to

interrupt the experiment, cool the sample down, replatinize, and then
resume the run.

However, upon resuming the measurements, it was found

that the conductivity had sharply decreased.

This problem has made

determining this activation energy very uncertain, with values ranging
from 0.5 to 1.3eV seen, but with a value of about 0.6eV more probable.
It was in general noted that as dopant increased there was a
trend for the conductivity at low po2's to increase and at high po2's
to decrease in accordance with Equation (26).

The microstructures of

these samples were also examined under a scanning electron microscope
to ascertain that no flaw or grain size effects were affecting the
results.

It was found that the grain size was initially about one

micron and then uniformly grew to about five microns during testing
with no other significant microstructural features seen.

As these

are relatively low conductivity materials, one micron is certainly an
upper limit on the electron mean free path and therefore the micro
structure was held to have no effect on the results.
Given the a-ssumption that the La donors are all ionized, a
combination of a temperature activated mobility that is also a func
tion of the concentration of V^r is not easy to justify since this
seemingly demands a combination of SP and band-type conduction

49

Figure 19.

Plots of conductivity vs. (y-2x) at various
temperatures for 12 at% La-doped SrTiO^.
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Figure 20 .

Plots of conductivity vs. (y-2x) for various La-dopant
levels at 1300°C.
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properties.

Any argument based on polaron tunnelling or impurity

bands being formed fails since the increase in mobility is not a
function of carrier concentration reaching some critical density but
a reciprocal function of V£r The dependence of mobility on V^r naturally leads one to consi
der trapping or scattering mechanisms associated with this point
defect.

The activation energy of about 0.6eV observed implies that

at these temperatures several percent of the V£r are deionized and
therefore the temperature dependence seen could simply be a variation
in the number of scattering or trapping centers present due to this
deionization process.

It is possible then, that a relatively small

number of V£r could cause this observed decrease in mobility by
inducing a percolation process as discussed in the development of
the model.

However, in such a case the function of conductivity must

be of the form;

a

_ [y - 2(1 - z)x]A
LB + Cy + DzxJ

(34)

Here A, B, C, and D are constants and z = the fraction of traps that
are deionized and is equal to;

z - e xp (T M )

where E is the activation energy determined from the y-2x versus
conductivity plots.

This function then defines a in terms of ney

where the mobility y is a function of some constant miscellaneous
scattering terms including phonon scattering (which is assumed

(35)
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relatively minor here), coulomb scattering, and trapping by the
deionized V£r using Equations (18) and (24) in the theoretical
development presented earlier.

However, an increase in temperature

will deionize more V£r to give an increase in trapping centers which
should cause conductivity to decrease with increasing temperature.
As this is opposite to the trend actually observed trapping can
therefore not be the dominent mechanism even though it might be
true that V£r are acting as trapping centers.
If the doubly ionized V^r are considered as scatterers, which
when thermally deionized turn into much less significant trapping
centers, then the function of conductivity must look like;

_ [y - 2(1 - z)xl AT372
~ B + Cy + Dx(l - z) + Exz

(36)

in which a scattering term based on Equation (20) in the modeling
discussion is now explicitly added to the previous expression.
Attempting to fit such an expression to the results showed that while
the general form of the curve generated is reasonable, and that
increasing temperature in this case did increase conductivity, the
magnitude of the variation with temperature seen in the data could
not reasonably be justified by such a strict scattering model,
therefore it too, must be rejected.
As noted before, the data strongly implies that either the
carrier concentration, n, or the mobility is thermally activated.
As a polaron model has been discounted and as scattering or trapping
mechanisms do not immediately give the appropriate temperature
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dependence, it seems as if an activated mobility is not reasonable
without invoking some additional band phenomena for which there is
no other justification.

However, if the carrier concentration is

assumed to be activated, then the observed behavior can be explained
if it is the La donors which are approximately 0.6eV away from the
band edge and that the carriers present are due to the thermal
ionization of these donors.

It need only be assumed then that the

ionization energy of the V£r is more than 0.5 eV deeper into the band
gap for them to act as compensation for the La in agreement with the
TGA findings and the -1/4 slopes of the conductivity seen in these
experiments and others

23

.

The V£r could still act as scatterers to

this reduced n to give the reciprocal relation seen.

The carrier

concentration, n, would then be;
n = (y - 2x) exp(-=Yp)

(37)

This assumption implies that n is about 0.01 of that previously
2
expected and that the mobility must now be approximately 10 cm /\l-sec2

2
instead of 0.1 cm /V-sec, which is more comparable to previous
results in the literature

Figures 21 and 22 are typical plots

of the mobility seen assuming this carrier concentration.

These

plots clearly show that increasing the dopant decreases the mobility
as predicted by the model of total scattering site density.

They

also imply that mobility increases at very low y-2x or carrier con
centration values.

While this might be true, it is more likely that

another conductivity mechanism is becoming significant at the high

M o b i l i t y ( xlO 3 m 2/ V - s e c )
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Figure 21.

Plots of mobility vs. y-2x at various temperatures for 12 at%
La-doped SrTiO^, assuming deep level La-donors.

Mobility (x 10 3 rrr/V-sec-)
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Figure 22

Plots of mobility vs. y-2x for various La-dopant levels at
1300°C, assuming deep level La-donors.
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oxidized resistances, giving measurable conductivity as y-2x
approaches zero.

This would appear as artificially high mobilities

in the calculations.
The conclusion that the La donors have such a high ionization
energy is initially surprising in view of the relatively high con
ductivities and the physical appearance displayed by donor doped
SrTiO^ quenched from the reduced state.

A donor at 0.6eV will con

tribute no carriers at room temperature and so this model implies that
the enhanced conductivities seen at high temperatures from the
addition of La will not remain when cooled.

While normally a donor

will depress the native Vg through the electrons acting as a common
ion this model implies that the donors will become neutral upon
cooling and the intrinsic conditions will tend to be re-established,
provided that the kinetics of evolving the necessary oxygen are
reasonable.

It might be expected then that the cold conductivities

of these La-doped samples would be close to those of undoped SrTiOg.
While the evidence is not conclusive the results presented by
Odekirk et al ,

22

do not conflict with this prediction.

the descrepancy Balachandron and Eror

23

In addition,

found between the observed

trends in conductivity with respect to concentration of La at low
po2's compared to that predicted by their model can be resolved if
the mobility and the carrier concentration implied by the deep donor
level is used.
A general function for conductivity, given this model will be;

a

An
__
B + Cx + D(y - 2x)z

(38)
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where B represents miscellaneous constant scattering terms, Cx
is the scattering associated with the V£r and La ions generated by
the compensation and D(y-2x)z is the scattering from the thermally
ionized La ionized to the band.

Using appropriate values for these

constants the curves shown in Figure 23 and 24 can be generated and
as can be seen, the appropriate temperature dependence and reciprocal
relation to x is found.

It is of further interest to note that;

da _ da_ _
dn

2dx

(B + F )Az_________

(39)

(B + Cx + o(y - 2x)z)2

which when evaluated at x=0 gives;

da
dn

B + f
(40)
x=0

(B + Dyz)‘

This implies that the slope approaches a finite value which is a
function of y as the compensation goes to zero which appears to be
the case.

Also for undoped SrTi03 ;

da
dn

x,y=0

1
B

(41)

and therefore the slope is finite and equal to the intrinsic scattering
of the undoped material as it should be.

This equation fails as it

does not predict an increase in mobility as y-2x goes to zero and it
does not appear to quite give a sharp enough dependence as V"<-r goes
to zero.

CONDUCTIVITY 5/CM

Y-2X
Figure 23.

Plots of Equation (38) using constants empirically chosen
such that the curve approximates the 4% La-doped SrTiO^
data, Figure C-36.

CONDUCTIVITY
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.04

.08

.12

.16

Y-2X

Figure 24.

Plots of Equation (38) using constants empirically chosen
to approximate the results presented in Figure 20.
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Finally it was noted that these samples showed a distinct loss
of mechanical strength after oxidation.

As for LaCr03 , this again is

not too surprising since very large quantities of defects are being
cycled into and out of the crystal which should have some volume
effect and therefore will probably degrade the mechanical properties
due to the stresses developed between the oxidized and reduced
sections of the crystal.
A complete set of all figures is presented in Appendix C for
convenient reference.
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V.

CONCLUSIONS

The TGA behavior of LaCrOg agrees well with the predictions
based on a model which assumes that Vg are generated at low po2‘s
and act as ionic compensation for the acceptor present.

In addition,

this same model when applied in a straightforward manner, predicts
the behavior of the conductivity equally well.

While these results

cannot, be proved to be unique, they must be considered as especially
strong justification for this model.

In addition, the results agree

well with Karim and Aldred and therefore no reason is found to dispute
their conclusion that a small polaron mechanism applies here.

The

apparent differences between the mobilities of the Sr- and Mg-doped
samples would be an interesting subject to investigate in the future.
For SrTiOg it has been noted that good agreement is found
between the TGA results and a model based on a crystallographic
accommodation of absorbed oxygen which generates Vgr as ionic compen
sation for the La donor present.

The ability to derive an expression

from this model which can calculate the equilibrium constants from the
data is particularly encouraging.

These results are therefore

considered justification for the model proposed.
However, the extension of this model to the conductivity results
was not directly successful as LaCrOg was.

If the presence of Vgr

is accepted then clearly carrier mobility is reciprocally related to
their concentration, implying that Vgr are strong scattering or
trapping centers.

The temperature dependence of the conductivity
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seen can best be explained by assuming that the carriers present are
from thermally ionized La donors which have an ionization energy of
about 0.6eV.

At this time any other explanations require additional

assumptions which are unsupported by experiment.

Efforts to more

precisely determine the La donor level and to directly see the proposed
compensating shear structures by transmission electron microscopy are
strongly indicated for La-doped SrTiO^.
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APPENDIX A
Determination of Experimental Partial Pressures of Oxygen

A major obstacle encountered in this experiment was the deter
mination of the actual po2's generated in the furnace.

As the

desired temperatures ranged from 1000°C to 1400°C and the desired
po2's as low as 10

-18

atmospheres, the experimental conditions were

too severe to directly test in situ for po2 with a yttria-stabilized
Z K ^ cell and then calculate the po2 from the emf developed using
the Nernst Equation;

PO.
\/ _ FT i„ r 2

V

4F

I
(A-l)

n I- IP
POo

Here F is the Faraday constant and PO2 * and P O ^ ^ are the po2's
across the cell.

In this case it was necessary to pre- or post-sample

the inlet gases with such a cell in a separate furnace at 1200°K, and
use the "cell po2" to calculate the actual furnace po2's.

There are

three cases of interest in these calculations; the N2 -O2 mixes,
forming gas, and CO2 - forming gas mixtures, where the forming gas
was composed of 90% N2 and 100% H2 .

For the N 2 -O2 case it could be

assumed that these gases did not change composition as they were
raised in temperature, therefore the furnace po2 could be directly
taken to be the cell po2.
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The forming gas only case was equally straightforward.

As

there is essentially no 02 present in this system and ^ 0 does not
appreciably dissociate at these temperatures, then the

„—
k h 2o

ratio known from the cell po2 will remain essentially constant as
the gas increases in temperature and fix a po2 at the new conditions.
The C02 - forming gas mixes proved to be much more difficult.
Since only forming gas and C02 were input, the stoichiometry of the
system, must be;

x H2

+ yC02 = (x -a ) H2 + (y-A)C02 + a H20 + a CO

(A-2)

where x and y are the initial partial pressures of the respective
gases, and A is a change in pressure varying with x, y and tempera
ture.

The equilibrium expression is then;
P
P
rC0 rH20

K = p
p
rH2 rC02

2
A
(x- a ) ( y-A )

(A-3)

Also

ptot ' 1 atm " pco + p h 2o + pco2 + p h 2 + p n 2 = 10 X+y

As there are two equations in three variables, this system cannot be
explicitly solved.

If either P^

or P^q

into the system were known,
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the po2 could be calculated through the H ratio

ratio

, or the R

Unfortunately the flowmeters were not considered accurate

enough for this purpose, particularly in the low flow rate region,
and therefore this data is unavailable.

However, these pressures

were known in the cell since the po2 is directly measured there, and
while the pressures will shift as the gas is raised in temperature
these ratios give a basis for an approximation.

Noting that;

K = HR

(A-5)

and knowing from the stoichiometry that a change in Pgg must equal
a change in

g, then as temperature is changed these ratios will

have equal amounts added to their numerators and subtracted from
their denominators.

If K and K ‘ are the equilibrium constants at the

cell temperature and at the furnace temperature as determined from
the thermodynamic tables, then;

(PC O ^ PH2o)
(p c o 2 )(p h 2 )

(pco + 6 H Ph 20 + 6 )
K1
(PC02 - <5)(P^ - 6 )

71

If 6 is small relative to the initial values, as is true for most
of the flow rates used in this experiment, then it might be
approximated that;

OCjl/2-

PC02 “ 6

or

(K)

1/2 _

ph

n + 6

H2 °

' PH2 - s

i .e. (K1

will be a good approximation of R or H at the new tern-

perature and therefore can be used to estimate po2.
With such approximations, and as a check for possible minor
air leaks, it was necessary to calibrate this system.

This was

accomplished by performing the experimental procedure on a sample
of hematite and observing the cell emf's where the hematite to
magnetite and the magnetite to wustite phase boundaries occurred.
The po2 values calculated from this data was then compared to the
o r

results of Darken and Gurry

o r

’

07

D and Philips and Muan 0 .

As can

be seen in Table A-l, the calculations are almost exact for the
N2 —0 2 case, and a constant factor of log po2 = 0.5 off for the
forming gas - C02 case.

This factor was therefore inserted into the

po2 calculations.
It was also noted that the forming gas only case did not develop
po2's as low as expected, implying that the H ratio was much higher
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TABLE A-l
TABLE OF CALCULATED vs. EXPECTED LOG P02 VALUES*

C\J
o
1
21C\J

Temp. °C.
1000°
1200°

Mixtures

Hematite to Magnetite
Calculated
Expected

^ - F o r m i n g Gas Mixtures
Magnetite to Wustite
Calculated
Expected

_ **
_ **

-3.8

-12.61***

-12.65

-2.9

- 8.6

- 9.09

1250°

-

**

-2.3

- 7.83

- 8.33

1300°

-1.43

-1.6

- 7.12

- 7.62

1350°

- .88

-1.0

- 6.44

- 6.96

1400°

- .60

- .6

Unstable

Unstable

1300°

- 7.2

- 7.62 (.75 cm/sec)

1300°

- 6.9

- 7.62 (.25 cm/sec)

*

All results are as log(Pn in atm.)
u2
** Po2 values fall in "gap"
*** Cell and furnace at same temperature, therefore, cell reading should be
directly accurate, as it proves to be.
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than reasonable from just moisture contamination of the gas.

It

was concluded that some air was present in the forming gas which
was then reacting to form water and increase the po2 seen.
The variation of the calculated results with respect to flow
rate was also checked here, by adding and subtracting half of the
original flow rate, redetermining these phase boundaries and observ
ing the change in the calculated po2's.

The results are displayed

in the table, and while increasing the rate made little difference,
halving the flow rate did, implying that there is no serious unmixing
problem with the 0.5 cm/sec flow rate.
Throughout the experiment the gas was sampled before and after
the furnace chamber to check for air leaks, with no problems
detected, with the presampled values used for the po2 calculations.
It is estimated from this calibration and from the consistancy
of the results as plotted in the various figures presented that these
calculations are within ± half an order of magnitude, except in the
high and low limits of the forming gas-CC^ gas mixes.

When either

forming gas or CC^ is being used at a very low rate, there is no good
standard to compare against and so the error there cannot be estimated
reliably.

Therefore it can only be stated that the error here is

considerably larger.

For SrTiO^, the most significant data falls

directly in the forming gas-CO^ region and therefore there is no
reason to suspect that this would have any serious effect.

Unfortu

nately for LaCrO^, the reaction occurs exactly in the very low CO^
forming gas only region and the experimental scatter present in this
important data must be large, contributing to the problems of analyzing
these results.
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APPENDIX B
Compilation of Experimental Results for LaCrO^

Included in this Appendix is a complete set of figures displaying
the results of these experiments on LaCrOg, and it is meant to serve
as a convenient reference on this work.

MOLES OXYGEN DEFICIT
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Figure B-1.

Moles oxygen weight loss per mole sample vs. log po2 at various
temperatures for 5 at% Mg-doped LaCr03 . The curves displayed are
best fit solutions to Equation (5).

MOLES OXYGEN DEFICIT

o.ou

Figure B-2.

Moles oxygen weight loss per mole sample vs. log po2 at various
temperatures for 2 at% Mg-doped LaCrOo. The curves displayed
are best fit solutions to Equation (5).

MOLES OXTGEN DEFICIT
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Figure B-3.

Moles oxygen weight loss per mole sample vs. log po2 at various
temperatures for 10 at% Mg-doped LaCr03 . The curves displayed
are best fit solutions to Equation (5).

MOLES OXYGEN DEFICIT
Figure B-4.

Moles oxygen weight loss per mole sample vs. log po2 at various
temperatures for 20 at% Mg-doped LaCr03. The curves displayed
are best fit solutions to Equation (5).

MOLES OXYGEN DEFICIT
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Figure B-5.

Moles oxygen weight loss per mole sample vs log po2 at various
dopant levels for 1000°C. The curves displayed are best fit
solutions to Equation (5).

MOLES OXYGEN DEFICIT
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Figure B-6.

Moles oxygen weight loss per mole sample vs. log po2 at various
dopant levels for 1200°C. The curves displayed are best fit
solutions to Equation (5).

HOLES OXYGEN D E F I C I T
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Figure B-7.

Moles oxygen weight loss per mole sample vs. log po2 at various
dopant levels for 1250°C. The curves displayed are best fit
solutions to Equation (5).

HOLES OXYGEN DEFICIT
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Figure B-8.

Moles oxygen weight loss per mole sample vs. log po2 at various
dopant levels for 1300°C. The curves displayed are best fit
solutions to Equation (5 ).

MOLES OXYGEN DEFICIT
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Figure B-9.

Moles oxygen weight loss per mole sample vs. log po2 at various
dopant levels for 1350°C. The curves displayed are best fit
solutions to Equation (5).
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Figure B-10.

Plots of the TGA data as log (y-2x/y) vs. log po2
for 2 at% Mg-doped LaCrOo at 10Q0°, 1200°, and
1250°C. The curves displayed are plots of
Equation (6) using the K values given in Table III.
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LOG P02 (PASCALS)
Figure B - H .

Plots of the TGA data as log (y-2x/y) vs. log po2 for
2 at% Mg-doped LaCr03 at 1300° and 1350°C. The curves
displayed are plots of Equation (6) using the K values
given in Table II.

LOG (Y-2X/Y)
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LOG P02 (PASCALS)
Figure B-12.

Plots of the TGA data as log (y-2x/y) vs. log po2 for
5 at% Mg-doped LaCr03 at 1000°, 1200°, and 1250°C. The
curves displayed are plots of Equation (6) using the K
values given in Table II.

LOG (Y-2X/Y)
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Figure B-13.

Plots of the TGA data as log (y-2x/y) vs. log po2 at
1300° and 1350°C for 5 at% Mg-doped LaCr0 3 . The curves
displayed are plots of Equation (6) using the K values
given in Table II.

LOG (Y-2X/Y)

LOG P02 (PASCALS)
Figure B-14.

Plots of the TGA data as log (y-2x/y) vs. log po2 for
10 at% Mg-doped LaCr03 at 1000°, 1200° and 1250°C. The
curves displayed are plots of Equation (6) using the K
values given in Table II.

LOG (Y-2X/Y)

LOG P02 (PASCALS)
Figure B-15.

Plots of the TGA data as log (y-2x/y) vs. log po2 at
1300° and 1350°C for 10 at% Mg-doped LaCr0 3 - The
curves displayed are plots of Equation (6) using the
K values given in Table II.

LOG (Y-2X/Y)

LOG P02 (PRSCflLS)
Figure B-16.

Plots of the TGA data as
1000°, 1200°, and 1250°C
The curves displayed are
using the K values given

log (y-2x/y) vs. log po2 at
for 20 at% Mg-doped LaCr03 .
plots of Equation (6)
in Table II.

LOG (Y-2X/Y)
Figure B-17.

Plots of the TGA data as log (y-2x/y) vs. log po2 for
20 at% Mg-doped LaCr03 at 1300° and 1350°C. The curves
displayed are plots of Equation (6) using the K values
given in Table II.

LOG (CONDUCTIVITY 5/CM)

LOG P02 (PflSCRLS)
Figure B-18.

Plots of log conductivity vs. log po2 at 1350° anc 1400°C for 2 at%
Mg-doped LaCrOo. The curves displayed are plots of Equation (9)
using the K values given in Table II.

LOG (CONDUCTIVITY 5/CM1
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LOG P02 (PRSCRL5)
Figure B-19.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 2 at% Mg-doped LaCr03. The curves displayed are plots of
Equation (9) using the K values given in Table II.
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Figure B-20.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C for
5 at% Mg-doped LaCrO^. The curves displayed are plots of Equation (9)
using the K values given in Table II.

LOG (CONDUCTIVITY S/CM)

LOG P02 (PASCALS)
Figure B-21.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 5 at%
Mg-doped LaCrOg. Curves are plots of Equation (9) using the K
values given in Table II.

LOG (CONDUCTIVITY S/CM)
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Figure B-22.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 10 at% Mg-doped LaCr03 - The curves displayed are plots of
Equation (9) using the K values given in Table II.

LOG (CONDUCTIVITY 5/CM)

LOG P02 (PRSCRLS)
Figure B-23.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 10 at%
Mg-doped LaCrOq. The curves displayed are plots of Equation (9)
using the K values given in Table II.

LOG (CONDUCTIVITY 5/CM)
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LOG P02 (PASCALS)
Figure B-24.

Plots of log conductivity vs. log po2 at 1200°, 1250° and 1300°C for
20 at% Mg-doped LaCr03 . The curves displayed are plots of Equation (9)
using the K values given in Table II.

LOG (CONDUCTIVITY S/CM)

LOG P02 (PASCALS)
Figure B-25.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 20 at%
Mg-doped LaCrOo. The curves displayed are plots of Equation (9)
using the K values given in Table II.
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APPENDIX C
Compilation of Experimental Results for SrTi03

Included in this Appendix is a complete set of figures displaying
the results of these experiments on SrTiO^, and it is meant to serve
as a convenient reference on this work.

MOLES EXCESS OXYGEN
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Figure C-l.

Plots of moles oxygen absorbed per mole sample vs. log po2 at various
temperatures for 2 at% La-doped SrTi0 3 . The curves displayed are plots
of Equation (14) using the equilibrium constants determined by
Equation (29).

MOLES EXCESS OXYGEN
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Figure C-2.

Plots of moles oxygen absorbed per mole sample vs. log po2 at various
temperatures for 4 at% La-doped SrTiOg. The curves displayed are plots of
Equation (14) using the equilibrium constants determined by Equation (29).

moles excess oxygen

0 - 044]

Figure C-3.

Plots of moles oxygen absorbed per mole sample vs. log po2 at various
temperatures for 8 at% La-doped SrTi0 3 . The curves displayed are plots
of Equation (14) using the equilibrium constants determined by
Equation (29).
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N3 0 A X 0
SS30X3
S310U
Figure C-4.

Plots of moles oxygen absorbed per mole sample vs. log po2 at various
temperatures for 12 at% La-doped SrTi03. The solid curves are plots
of Equation (14) using equilibrium constants determined by Equation (29).
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Figure C-5.

Plots of moles oxygen absorbed per mole sample vs. log po2 at various
temperatures for 20 at% La-doped SrTiOg. The curves displayed are plots of
Equation (14) using the equilibrium constants determined by Equation (29).

MOLES EXCESS OXYGEN'
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Figure C-6.

PO , I

P \ ^ r Al.

l

Plots of moles oxygen absorbed per mole sample vs. log po2 for
various La-dopant levels at 1200°C. The curves displayed are
plots of Equation (14) using the equilibrium constants determined
by Equation (29).
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Figure C-7.

Plots of moles oxygen absorbed per mole sample vs. log po2 for various
La-dopant levels at 1250°C. The curves displayed are plots of
Equation (14) using the equilibrium constants determined by
Equation (29).
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Figure C-8.

Plots of moles oxygen absorbed per mole sample vs. log po2 for
various La-dopant levels at 1300°C. The curves displayed are
plots of Equation (14) using the equilibrium constants determined
by Equation (29).
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Plots of moles oxygen absorbed per mole sample vs. log po2 for
various La-dopant levels at 1400QC. The curves displayed are
plots of Equation (14) using the equilibrium constants determined
by Equation (29).

LOG (X/Y)

LOG P02 (PRSCflLS)
Figure

C - 11.

P l o t s o f t h e T G A r e s u l t s f o r 2 a t % L a - d o p e d S r T i 03 as l og (x/y)
vs. lo g p o2 at 1 2 0 0 ° , 1 2 5 0 ° , a n d 1 3 0 0 ° C .
The curves d i s p l a y e d
a r e p l o t s o f E q u a t i o n (16) u s i n g t h e K v a l u e s g i v e n in T a b l e III.

LOG (X/Y)

LOG P02 (PRSCRLS)
Figure C-12.

Plots of the TGA results for 2 at% La-doped SrTiOo as log (x/y)
log po2 at 1350° and 1400°C. The curves displayed are plots of
Equation (16) using the K values given in Table III.

LOG (X/Y)
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LOG P02 (PASCALS)
Figure C-13.

Plots of the TGA results for 4 at% La-doped SrTiOQ as log (x/y) vs.
log po2 at 1200°, 1250°, and 1300°C. The curves displayed are plots
of Equation (16) using the K values given in Table III.

LOG (X/Y)
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LOG P02 (PASCALS)
Figure C-14.

Plots of the TGA results for 4 at% La-doped SrTiOo as log (x/y) vs.
log po2 at 1350° and 1400°C. The curves displayed are plots of
Equation (16) using the K values given in Table III.
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Figure C-15.

Plots of the TGA results for 8 at% La-doped SrTi03 as log (x/y)
vs. log po2 at 1200°, 1250°, and 1300°C. The curves displayed
are plots of Equation (16) using the K values given in Table III.

LOG (X/Y)
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LOG P02 (PRSCOLS)
Figure C-16.

Plots of the TGA results for 8 at% La-doped SrTi03 as log (x/y) vs.
log po2 at 1350° and 1400°C. The curves displayed are plots of
Equation (16) using the K values given in Table III.

LOG (X/Y)

LOG P02 (PASCALS)
Figure C-17.

Plots of the TGA results for 12 at% La-doped SrTiOo as log (x/y) vs.
log po2 at 1200°, 1250°, and 1300°C. The curves displayed are plots
of Equation (16) using the K values given in Table III.

LOG tX/Y)

LOG P02 (PASCALS)
Figure C-18.

Plots of the TGA results for 12 at% La-doped SrTiOg as log (x/y)
log po2 at 1350° and 1400°C. The curves displayed are plots of
Equation (16) using the K values given in Table III.

LOG (X/Y)

LOG P02 (PASCALS)
Figure C-19.

Plots of the IGA results for 20 at% La-doped SrTiO^ as log (x/y) vs.
log po2 at 1200°, 1250°, and 1300°C. The curves displayed are plots
of Equation (16) using the K values given in Table III.

LOG (X/Y)

LOG P02 (PR5CRLS)
Figure C-20.

Plots of the TGA data for 20 at% La-doped SrTiOg as log (x/y) vs.
log po2 at 1350° and 1400°C. The curves displayed are plots
of Equation (16) using the K values given in Table III.

LOG (CONDUCTIVITY S/CM)
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LOG P02 (PASCALS)
Figure C-2I.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 2 at% La-doped SrTi0 3 - The data was taken from the oxidized to
the reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.

LOG (CONDUCTIVITY S/CM)
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LOG P02 (PRSCOLS)
Figure C-22.

Plots of log conductivity vs. log po2 at 1350°, and 1400°C for 2
at% La-doped SrTiOg. The data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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Figure C-23.

Plots of log conductivity vs. log po2 at 1200°, 1250° and 1300°C for
4 at% La-doped SrTi0 3 - The data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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Figure C-24.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 4
at% La-doped SrTiOg. The data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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Figure C-25.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 4 at% La-doped SrTiOg. The data was taken from the reduced to
the oxidized state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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LOG P02 (PASCALS)
Figure C-26.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 4
at% La-doped SrTi0 3 - The data was taken from the reduced to the
oxidized state. The curves displayed are plots of Equation (26)
using the K values given in Table III.

LOG (CONDUCTIVITY S/CM)
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Figure C-27.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 8 at% La-doped SrTiOg. Data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26) using
the K values given in Table III.
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LOG P02 (PRSCRLS)
Figure C-28.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 8
at% La-doped SrTi0 3 . The data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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Figure C-29.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C for
8 at% La-doped SrTi0 3 . The data was taken from the reduced to the
oxidized state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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LOG P02 (PASCALS)
Figure C-30.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 8
at% La-doped SrTiO^. The data was taken from the reduced to the
oxidized state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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Figure C-31.

Plots of log conductivity vs. log po2 at 1200°, 1250°, and 1300°C
for 12 at% La-doped SrTiOj. Data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26) using
the K values given in Table III.
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Figure C-32.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 12
at% La-doped SrTiOo. The data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.
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Figure C-33.

Plots of log conductivity vs. log po2 at 1200°, 1250° and 1300°C for
20 at% La-doped SrTiOg. The data was taken from the oxidized to the
reduced state. The curves displayed are plots of Equation (26)
using the K values given in Table III.

LOG (CONDUCTIVITY S/CM)
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LOG P02 (PASCALS)
Figure C-34.

Plots of log conductivity vs. log po2 at 1350° and 1400°C for 20
at% La-doped SrTiOo. The data was taken from the oxidized to the
reduced states. The curves presented are plots of Equation (26)
using the K values given in Table III.
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Figure C-35.

Plots of conductivity vs. y-2x at various
temperatures for 2 at% La-doped SrTiO^.
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Figure C-36.

Plots of conductivity vs. y-2x at various
temperatures for 4 at% La-doped SrTiO^.
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Figure C-37.

Plots of conductivity vs. y-2x at various
temperatures for 8 at% La-doped SrTiO^-

CONDUCTIVITY (S/cm)
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Figure C-38.

Plots of conductivity vs. (y-2x) at various
temperatures for 12 at% La-doped SrTiOy
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e C-39.

Plots of conductivity vs. y-2x at various tempera
tures for 20 at% La-doped SrTiO^.

